Many processes in the mineral, power and chemical industries involve simulating combined heat and mass transfer with heterogeneous chemical reactions. While numerical methods and codes for solving heterogeneous reactions involving particles and/or droplets are widely available, numerical methods and codes for solving strongly coupled surface submodels are far less widespread and far less robust. In this paper, a solver for arbitrary heterogeneous chemical reactions is developed and linked to a general purpose cfd code, to solve coupled heat and mass transfer problems with dominant surface reactions. 
In this paper a submodel for solving heterogeneous surface reactions is developed and linked to a general purpose cfd code. The submodel uses a Newton-Raphson iterative technique together with LU -decomposition to solve the nonlinear species balance equations at the reacting surface. The solver has been found to be efficient, robust and capable of handling numerically stiff chemical systems.
The combined surface reaction submodel and cfd solver has been successfully applied to simulate the tightly coupled physical processes of heat, mass and momentum transfer with chemical reactions in an underground coal gasification (ucg) system. Dry gas compositions from the model are compared with field trial results and insights into the process are discussed.
Surface reaction submodel
Throughout this work, a generalised treatment of a chemical reaction is assumed, with the kth reaction written as
The molar rate of chemical reaction k is
and the rate of creation/destruction of the ith species in reaction k is calculated withR
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In Equation (3) the forward rate, k f,k is assumed to have the Arrhenius form k f,k = A k T α k exp (−E k /RT ) and the backward rate is calculated using thermodynamic equilibrium:
Mass balance
Chemical reaction at a surface involves a balance between the diffusion of reactants to the surface, and advection of products away from the surface plus a consideration of the kinetics of the reaction. Under pseudo-steadystate conditions a species balance at the surface yields
By discretising the species gradient term and substituting an overall masstransfer co-efficient as h m,i = D eff,i /∆n and recognising that the total mass flux through the surface is the sum of the species mass fluxes, that is:
Since the species mass fractions must sum to one, only N g − 1 nonlinear equations of the form (5) are required, with the last species having the value:
s term represents the net mass source of species i at the surface (kg/m 2 -s) and is calculated usinġ
where W i is the molecular weight of species i. See in Equation (6) that the net mass source of species i is calculated as the sum of the sources from C821 each reaction that the species participates in, plus an additional termφ i s . The source termφ i s accounts for thermal decomposition and moisture evaporation that occurs behind the surface reaction front due to heat transfer into the material. The rates are determined by making use of the ultimate analysis of the material:φ i s =φ
where Y C , Y W and Y A represent the fraction of fixed carbon, moisture and ash in the material, Y VM,i is the fraction of the ith gas species in the volatile matter andφ water s is a mass flux of water to the surface from the surroundings due to hydrostatic pressure.
Energy balance
Once the mass balance is known the energy balance can be calculated. The net heat flux into the material is calculated from
where the first term accounts for the heat of reaction of each surface reaction, the second term accounts for evaporation of moisture and the third term accounts for heating of the material from the ambient temperature (T ∞ ) to the surface temperature (T s ).
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Numerical method
The iterative Newton-Raphson technique [1] solves Equation (5). The method is robust and has the advantage that numerically stiff chemical systems are solved efficiently. The function F i is formed from Equation (5) as
and is expanded in a Taylor series in the neighbourhood of the current solution. By neglecting terms greater than first order, a linear system of equations is obtained for the surface mass fraction corrections δY i s that move the set of balance equations such that F i → 0 ,
The linear system (12) is solved at each iteration using the LU -decomposition method [1] . and the procedure is repeated until specified error tolerances on the solution are met. The entries in the Jacobian matrix
where the derivative term ∂ω j s /∂Y k s is further expanded using Equations (6) and (3).
Coupling with CFD
The surface reaction submodel is written in C and the definitions of the individual species, material properties, thermodynamic data and reaction rate expressions are read from a data file. The submodel is coupled to the C823 general purpose cfd code fluent through user defined functions [2] . The fluxes of mass, species and momentum which are the outputs of the surface reaction submodel, are added to the appropriate conservation equations in the near-wall cells as volumetric source terms by applying the divergence theorem. The net heat flux calculated using Equation (10) provides the wall boundary condition for the energy equation.
During testing of the surface reaction submodel coupled to the cfd solver, it was found that direct under-relaxation of the surface reaction rates was helpful in improving numerical stability and the convergence behaviour of the complete model. Under-relaxation is applied to the surface-reaction rates according to R
where a value of 0.3 < α R < 0.5 was found to be optimal for the problems described in this paper.
Application to underground coal gasification
To demonstrate the capabilities of the model, an underground coal gasification (ucg) system of the borehole type used during the Newman Spinney P5 field trial is considered [6] . In this system air was injected into a borehole drilled in the coal seam where it reacted on the surface of the coal to form a product gas of carbon monoxide, hydrogen and methane together with nitrogen and steam. The geometry of the gasifier and operating conditions are shown in Table 1 . 
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Description of CFD model
The fluent cfd model of the borehole uses an axisymmetric coordinate system and solves for the conservation of mass, species, energy, momentum and uses the standard k-ε turbulence model. The P1 radiation model is used to account for radiation heat transfer. Due to space restrictions a full description of the solved equations is not given here, but is to be found in the fluent manual [2] .
The conservation equations are solved with a segregated multigrid finite volume solver based on the simple algorithm. A second order upwind scheme has been used to discretise the convective terms of the conservation equations.
Thermodynamic properties of the gas phase are calculated using standard techniques and account for the dependencies on temperature and composition. Coal ultimate and proximate analyses are taken from Gibb [6] . Chemical reactions occurring in the system are given in Table 2 . Coal char is considered to be pure carbon. Reactions R1-R3 are heterogeneous and are calculated using the surface reaction submodel described in Section 2. The homogeneous combustion reactions R4 and R5 are calculated by a finiterate/eddy-breakup model [3] . The water-gas-shift reaction, R6 is modelled as an equilibrium reaction. 
Results
Since the water influx rate during the trial period is uncertain, it has been adjusted so as to obtain a good match between the reported and predicted dry gas compositions. A value ofφ water s = 0.01 kg/m 2 was found to give a reasonable match and the comparison of dry gas compositions is given in Table 3 .
Profiles of gas and wall temperatures, gas species concentrations and surface reaction rates calculated by the model are shown in Figures 1, 2 . Profiles of the surface reaction rates show that the highest coal consumption rates occur in the high temperature region and that the reactions R2 and R3 have similar reaction rates. While the char combustion reaction R1 plays an insignificant role in forming products, it provides a critical ignition mechanism within the model.
Conclusions
In this paper a submodel for surface reactions has been developed and linked through user code to a general cfd code. The use of a Newton-Raphson technique in combination with LU -decomposition has proven to be robust and efficient. It has been found that under-relaxation of the chemical reaction rates between iterations improves numerical stability and convergence behaviour. Application of the combined surface reaction and cfd model to the problem of underground coal gasification has been successful. The model is useful for gaining insights into the behaviour of the underground coal gasification process and because of its general nature can be easily applied to other systems in which surface reactions are important.
